iduronide 2-sulfate sulfatase, sulfamidase, and arylsulfatase B (Nacetylgalactosamine 4-sulfate sulfatase) were assayed in four muFibroblasts of four patients affected with mucosulfatidosis (mul-cosulfatidosis fibroblast lines using natural substrates.
6-sulfate tases A and C, cholesteryl sulfatase, and dehydroepiandrosterone (specific activity 10 mCi/mmole) prepared from heparin (lo), sulfatae, mucosulfatidosis is now characterized by the deficiency uridine diphosphate (UDP)-~-acetylglucoamine 4-[35~] sulfate of nine different sulfatases.
(specific activity 27 mCi/mmole) from hen oviduct (lo), the monosulfated tri-saccharide N-acetylgalactosamine 6-sulfate Speculation (GlcNAC (6s)) D-glucuronic acid (G1cu~)-[1-3H]anhydromannit01 (specific activity 68.8 mCi/mmole) prepared from heparin Mucosulfatidosis is a disease characterized by the deficiency of sulfate (9), and the disulfated trisaccharide GalNAc(6S)-GlcUAmultiple sulfatases in cultured fibroblasts in contrast to the defi-~-acet~l-[l-~H]galactosaminitol(6S) (specific activity 24.9 mCi/ ciencies of singe sulfatases that are known for the five mucopoly-mmole) prepared from chondroitin 6-sulfate (12) were obtained saccharide degrading sulfatases and arylsulfatase A. The genes as described. responsible for the expression of the sulfatases are located both on autosomes and the X-chromosomes. Mucosulfatidosis fibroblasts should provide an experimental model for the study of a PATIENTS hitherto unknown common mechanism responsible for the exPresSkin biopsies or fibroblast cultures from patients with mucosulsion of sulfatase activities. fatidosis were kindly provided by Drs. J. Couchot (Reims), cell line 1, U. Wiesmann (Bern), cell line 2, and M. Niermeijer Mucosulfatidosis is a lysosomal storage disease characterized by (Rotterdam), line 3. line (GM 2407)9 was from the storage of sulfatides, glycosaminoglycans, and steroid sulfates. the Human Genetic Mutant Camden* N.J.
The storage is caused by the deficiency of multiple sulfatases (for review, see refs. I and 2). In fibroblasts and tissues so far the METHODS deficiency of arylsulfatases A, B, and C, cholesteryl sulfatase and dehydroepiandrosterone sulfatase are known (3, 4) . It is, however, Cell Culture. Human skin fibroblasts from normal individuals still unclear whether activities of arylsulfatase C and the steroid and from patients of various genotypes were cultured in 25 cm2 sulfatases reside in the same enzyme or whether different enzymes Falcon plastic flasks with Eagle's Minimal Essential Medium (18) catalyze these reactions (2) . Furthermore, mucosulfatidosis fibro-containing 10% fetal calf serum (LS-Labor Service, Miinchen), blasts do not correct the deranged mucopolysaccharide catabolism nonessential amino acids, and antibiotics as described previously in fibroblasts derived from patients affected with Hunter or Sari- (14) . Cultures grown to confluency were harvested by trypsinizafilippo A syndrome which implies that mucosulfatidosis fibre-tion, the cells were washed twice with 0.15 M NaCI, and cell blasts are deficient in iduronide 2-sulfate sulfatase and sulfamidase suspensions in 0.2 ml 0.15 M NaCl were made by ten cycles of (5) . Thus, mucosulfatidosis is characterized by the deficiency of freezing and thawing. For the assay of N-acetylgalactosamine 6-lysosomal and microsomal sulfatases (arylsulfatase C) that are sulfate sulfatase, the cells were suspended in water and homogecoded by autosomal and X-chromosomal (iduronide 2-sulfate nized by ultrasonication. sulfatase) genes.
Assays. Assay of iduronide 2-sulfate sulfatase (modification of Recently, two new mucopolysaccharide degrading sulfatases 10): The standard reaction mixture contained in a final volume of have been described, N-acetylgalactosamine 6-sulfate sulfatase (6-40 pl 16 nmole disulfated disaccharide, 0.125 M sodium acetate, 8) and N-acetylglucosamine 6-sulfate sulfatase (8, 9) . Both N-pH 3.8, 0.013% NaN3 and 30 p1 cell suspension that had been acetylhexosamine 6-sulfate sulfatases act also on the correspond-dialyzed at 4OC for 24 hr against 5 liters of 0.15 M NaCl. After ing hexose 6-sulfates, i.e., galactose 6-sulfate and glucose 6-sulfate, incubation for 48 hr at 37"C, the reaction mixture was analyzed respectively. The activities of these two sulfatases and those of by high voltage electrophoresis at pH 1.7 on Whatman 3 MM paper. Electrophoresis was carried out for 60 min at 40 V/cm in 1.9 M formic acid. The electropherogram was cut into 1 X 2 cm strips, that were placed in scintillation vials and eluted with I ml of water before the addition of 2 ml Unisolve I (Zinsser, Frankfurt) as scintillation medium.
Assay of heparin sulfamidase: The standard reaction mixture contained about 85000 cpm h e p a r i n -~-~~S O~, corresponding to 2 1 nmole sulfamino groups, 0.14 M sodium acetate, pH 5.0, 0.03% NaNs (w/v), 0.016% bovine serum albumin (w/v), and 30 pl cell suspension in a final volume of 80 p l After 3-5 hr, the reaction mixture was diluted to 0.5 ml with 0.3 M NaCl and loaded onto a 0.5 x 3 cm column of Ecteola 23 (Sema, Heidelberg), equilibrated in water. The column was washed with 7.5 ml of 0.3 M NaCI. The liberated was eluted with the first 4 ml of 0.3 M NaCI. Radioactivity was determined after addition of an equal volume of Unisolve 1.
Assay of N-acetylgalactosamine 6-sulfate sulfatase: The reaction mixture contained 0.46 nmoles disulfated trisaccharide
mM sodium acetate, pH 4.8, and 25 yl cell suspension in a final volume of 60 y1 After incubation for 1-2 hr, the reaction mixture was loaded onto a 0.5 ml column of Dowex 1 x 2,200-400 mesh, and enzyme activity was determined as described (12) .
Assay Assay of N-acetylglucosamine 6-sulfate sulfatase: The incubation mixture contained 220 pmole monosulfated trisaccharide GlcNAc(6S)-GlcUA-[l-3H]aManol in 0.16 M sodium acetate, pH 5.5,0.017% (w/v) bovine serum albumin, 0.03% (w/v) NaN3, and 5 y1 cell homogenate in a total volume of 6 pl, 5 pl paraffin oil were layered on the incubation mixture. After incubation for 16-20 hr at 37°C the formation of unsulfated "-material was determined by a previously described microcolumn procedure (9) .
Assays of P-glucuronidase and P-galactosidase: The reaction mixtures contained 5 mM P-nitrophenyl glycosides, 50 mM sodium citrate, pH 4.6, 0.1% bovine serum albumin (w/v), 0.02% NaNs (w/v), and 5-10 pl of cell suspension in a final volume of 0.2 ml. The incubation time for P-galactosidase was 30-90 min and that for P-glucuronidase 18-20 hr. The incubation was terminated by addition of 1.0 ml 0.4 M glycine/NaOH buffer pH 10.4 and absorbance was read at 405 nm.
Other methods: The protein content of cell suspension (15) and sulfamino groups in heparin (16) were determined as described. Radioactivity was determined in a B 2450 (Packard, Frankfurt) liquid scintillation spectrometer.
RESULTS
The activities of iduronide 2-sulfate sulfatase, heparin sulfamidase, N-acetylgalactosamine 6-sulfate sulfatase, UDP-N-acetylgalactosamine 4-sulfate sulfatase and N-acetylglucosamine 6-sulfate sulfatase were markedly reduced or not detectable in fibroblast homogenates of four patients affected with mucosulfatidosis (Table 1). The residual enzyme activities of iduronide 2-sulfate sulfatase, UDP-N-acetylgalactosamine 4-sulfate sulfatase, and N-acetylglucosamine 6-sulfate sulfatase were comparable to those in single sulfatase deficiencies (not shown), whereas sulfamidase and N-acetylgalactosamine 6-sulfate sulfatase activities were up to nine and three times higher than in the Sanfilippo syndrome type A and the classical Morquio syndrome, respectively. The activities of arylsulfatase A and arylsulfatase B (measured with P-nitrocatecho1 sulfate) were below 10% of controls (not shown). The activities of P-glucuronidase and P-galactosidase were in the range of controls.
DISCUSSION
So far, six lysosomal storage diseases are known to be caused by single sulfatase deficiencies. Metachromatic leukodystrophy is characterized by the absence of arylsulfatase A (17, 18), thus, leading to the storage of sulfatides. The mucopolysaccharidoses I1 (Hunter syndrome), 111 A (Sanfilippo syndrome type A), IV (Morquio syndrome), VI (Maroteaux-Lamy syndrome), and VIII are caused by the deficiencies of iduronide 2-sulfate sulfatase (19) , sulfamidase (20) . N-acetylgalactosamine 6-sulfate sulfatase (6, 7) , N-acetylgalactosamine Csulfate sulfatase ( 1 I, 2 1 -23), and N-acetylglucosamine 6-sulfate sulfatase (8) . The stored muwpolysaccharides comprise dermatan sulfate, heparan sulfate, and keratan sulfate. Secondary storage of glycolipids is frequently observed due to the inhibition of lysosomal hydrolases involved in glycn-----lipid degradation by stork muwpol~saccharides (24) .
The uniaue feature of mucosulfatidosis is the inactivity nf --multiple suifatases. The present report extends the numb& of deficient sulfatases to seven or nine depending upon whether steroid sulfatases and arylsulfatase C are identical or not. The onlv sulfatase activity detected so far in mucosulfatidosis was . --diricted against 3'-ph~sphoadenosine-5'-phosphosulfate (25) . This multiple sulfatase deficiency explains the heterogeneity of the primary storage material, comprising sulfatides, sulfated mucopolysaccharides, and steroid sulfates (1, 2). An intriguing fact is that sulfatases are lacking that are intra-and extralysosomally located and that are coded by autosomal and X-chromosomal genes.
Several explanations can be put forward to explain the multiple sulfatase deficiency in mucosulfatidosis: for example, mutation of a subunit common to the deficient sulfatases, mutation of a gene controlling the expression of the deficient sulfatases, absence of a common activator, or presence of a common inhibitor. Previous attempts to demonstrate a common activator or inhibitor (H. Kresse, K. von Figura, unpublished results) failed. The mutation of a regulatory gene appears to be unlikely because material crossreacting with monospecific antibodies against arylsulfatase A could be demonstrated in the liver of a mucosulfatidosis patient (26) . Attempts to reactivate activities of sulfamidase and arylsulfatase A by mixing homogenates from mucosulfatidosis fibroblasts with those from either mucopolysaccharidosis 111 A or metachromatic leukodystrophy in the presence of high salt or urea concentrations, which are supposed to facilitate subunit exchange failed, nor was reactivation of arylsulfatase A observed when purified human sulfamidase and homogenates from mucosulfatidosis fibroblasts were mixed under analogous conditions. Furthermore, fusion experiments yielding bikarfotic cells containing both the genome of mucosulfatidosis fibroblasts and that of either metachromatic leukodystrophy or Maroteaux-Lamy or Sanfilippo A fibroblasts. res~ectivelv. failed to show an increase in arvlsulfatase A or arylsulf&ase B'hr sulfamidase activities or a iignificant decrease in radiosulfate incorporation in the fusion experiments with the mucopolysaccharidoses cell lines (H. Kresse, K. von Figura, K. H. Grezschik, unpublished results).
Recently, Fluharty er al. reported the raise of arylsulfatase A levels to almost control values, when mucosulfatidosis fibroblasts were grown in HEPES instead of COz buffered medium (27) suggesting that the defect in mucosulfatidosis may be reversed by environmental factors. Though all attempts have failed so far to explain the basis of the m~l $~l e sulfatase deficiency, mucosulfatidosis represents an extremely interesting model for the understanding of the expression and regulation of sulfatase in man.
